The mineral microbiome
The exchange between living organisms and lifeless rocks must have begun when life itself originated from a previously sterile and mineral environment (Curr. Biol. (2016) 26, R1247-R1249). The likely date for the origins of life has been pushed back a few times, as microfossils from the Archaean were discovered and characterised, but the fossil evidence remains inconclusive and subject to debate.
This November, for instance, Abigail Allwood from CalTech (Pasadena, California, USA) and colleagues have challenged the interpretation of 3.7 billion-year-old rocks from Greenland as stromatolites, or fossils of layered microbial biofi lms (Nature (2018) 563, 241-244) .
Meanwhile, the group of Davide Pisani at the University of Bristol, UK, has concluded from a recent analysis combining genomic and fossil evidence that cells may have emerged as early as 4.4 billion years ago, or soon after the planet-sterilising impact that led to the formation of the Moon (Nature Ecol. Evol. (2018 ) 2, 1556 -1562 . First cells led to LUCA, the last universal cellular ancestor.
Less than 3.4 billion years ago (according to Pisani's timeline), LUCA's descendants split into two main lineages, the archaea and bacteria. Only less than 1.84 billion years ago, representatives of these two main domains of life recombined to form the lineage that produced eukaryotic cells, which, much later still (less than one billion years ago), evolved multicellularity.
These specifi c dates are still open to debate. It is clear, however, that for roughly three quarters of the time elapsed since the origins of life on Earth single-cell organisms had the planet to themselves.
Today we know microbes, and bacteria in particular, as pathogens infecting more complex organisms including plants, animals and ourselves, as symbionts collaborating with such life forms, or as part of the communities that degrade their mortal remains. For the fi rst three billion years of life on Earth, none of these ecological roles was available. Life played out between microbes, other microbes, and minerals.
Microbes developed various ways of using minerals for their purposes, such as settling on mineral surfaces, degrading them to derive energy from their chemical ingredients, and also beginning to produce their own minerals, forming the fi rst chalk and silica shells, to which multicellular organisms later added teeth and skeletons.
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Mining the mineral microbiome
Microbes interacted with minerals for billions of years before multicellular organisms started to evolve. A better understanding of the mineral microbiome and its mechanisms of mineralisation and solubilisation could help with the exploration, production and ultimate recycling of mineral resources. Michael Gross reports.
R1326 Current Biology 28, R1325-R1334, December 3, 2018 the minerals from the water, and also to mine the ore deposits from which they originate. Mining has affected the surroundings of the river so heavily that today its colouring is a combination of natural leaching and pollution from mines, but it remains an interesting environment to study for astrobiologists as well as for miners.
Natural leaching processes were also observed when miners deposited their wastes on hillside dumps and water was allowed to percolate through them. Brines collected at the bottom of the dump were suffi ciently enriched in dissolved metals to make their recovery economically attractive.
This approach had been used for centuries before it was recognised that microbes resident on the minerals were helping the process. Today it is known as dump bioleaching and used systematically as one of several approaches that harness microbial help in resource extraction from minerals.
Dump bioleaching is used for copper extractions from low-grade ores in places like Bingham Canyon, Utah, USA, Chuquicamata, Chile, and Vlaikov Vrah, Bulgaria. As K.A. Natarajan from the Indian Institute of Science at Bangalore explains in his recent book Biotechnology of Metals (Elsevier 2018), these sites operate extended preconditioning and irrigation procedures to stimulate the microbes already resident on the mineral ores. Upon targeted washing stages, the solubilised copper minerals are moved downhill and can be collected with the effl uent at the bottom of the dump.
Scientifi cally guided bioleaching only developed in the second half of the 20 th century, after the microbes involved began to be identifi ed and characterised. In 1947, Thiobacillus ferrooxidans, later to be reassigned to the genus Acidithiobacillus, was identifi ed. Today it is the most studied and best characterised species involved in bioleaching.
The Gram-negative, rod-shaped Acidithiobacillus ferrooxidans is the dominant species found in bioleaching heaps and dumps at temperatures between 25 and 35°C. It derives energy from oxidising ferrous ions (Fe 2+ ) and a variety of reduced sulphur minerals. The species grows in aerobic conditions and uses oxygen as the fi nal electron acceptor for these oxidation reactions. However, when oxygen is in short supply, it can also use ferric ions (Fe 3+ ) instead.
Compared to more widely known species, it is remarkably resistant to toxic metal ions including arsenic and uranium. It is also frugal in its nutrient requirement. It can fi x nitrogen and derive all its needs from a well-aerated heap of crushed pyrite in acidifi ed water. Attachment to mineral surfaces, quorum sensing, and the establishment of biofi lms are also part of the biological activity that enables A. ferrooxidans and similar species to engage in bioleaching.
The chemical mechanism of bioleaching is a combination of abiotic and biotic oxidation reactions. Typically, ferric iron abiotically oxidises sulphides to either elemental sulphur or thiosulphate. The role of the microorganisms is then to restore the ferric iron concentration by oxidising ferrous iron, and to further oxidise reduced sulphur species to produce sulphuric acid, which helps to further dissolve the minerals.
Further iron-and sulphur-oxidising species were discovered from 1965 onwards, some of which were later recognised as members of the newly discovered domain of the archaea. Relevant bacterial species include several others in the genus Acidithiobacillus, including A. thiooxidans, A. caldus, A. ferrivorans and A. ferridurans, as well as the Gram-negative Leptospirillum and Acidiphilum species and the A glimpse of this fi rst mineral microbiome can still be seen in certain extreme environments which are too hostile for multicellular organisms to survive in. There we fi nd extremophilic archaea and bacteria adapted to life with minerals and chemical conditions that would be toxic to other cells, as well as to high temperatures and other kinds of environmental stress factors.
When astrobiologists think about what life on Mars or on Jupiter's moon Europa might be like, these extremophiles offer useful guidance (Curr. Biol. (2012) 22, R207-R211). Back here on Earth, they can also help us to improve our relationship with the mineral world. Understanding the mineral microbiome that evolved long before multicellular life may help us to fi nd, extract, and recycle resources more effi ciently, and perhaps also to better manage the global cycles and live within the planetary limits.
Bioleaching
Mineral extraction assisted by microbes happens naturally in some locations, and it has attracted the attention of human miners from prehistoric times. The Rio Tinto river in the southwest of Spain, for instance, owes its reddish colour to the high content of ferric iron in its highly acidic waters.
At least since Roman times, people have come to the Rio Tinto to extract Gram-positive Sulfobacillus. Archaea involved in bioleaching come from the genera Sulfolobus, Metallosphaera and Acidianus, all of which are from the order Sulfolobales.
Heap bioleaching, where a carefully constructed heap of material is deposited on a prepared leach pad, was fi rst used commercially in 1980. Since then it has become a widely used method to re-process mining waste and low-grade ores, not only for copper but also for other metals like nickel, zinc, cobalt and uranium.
Bioleaching in stirred tanks is used when the mineral resource is too fi negrained to be stacked up in a heap. It fi nds its uses in the extraction of gold from certain hard-to-dissolve minerals in South Africa, for instance.
In addition, the processing in closed tanks enables the use of controlled physical conditions such as higher temperatures, which have been introduced at Chuquicamata, Chile, in 2004.
A fundamentally different approach that also relies on microbes is in situ bioleaching. This involves injection of liquids into the geological formation bearing the relevant mineral resources. The liquids can contain microbes known to assist with bioleaching or just nutrients to encourage microbes already present in situ. Typically, this approach can become economical in comparison to traditional mining and extraction of solid rock at depths of more than 60 metres. It is widely applied for uranium, accounting for 40% of global uranium production, and in some places also for copper.
The in situ process, even more than the other types of bioleaching, could still be improved by a better understanding of the underlying microbiology and biochemistry, as Natarajan concedes in his book.
The future of resource management?
Mining, especially in its poorly regulated, wild-west style variants, has a bad reputation. 'Confl ict metals' such as cobalt from the Democratic Republic of the Congo (DRC) are a growing global concern as the electronics industry creates a rapidly growing demand for these resources.
Illegal or unregulated gold mining in South America, for instance, leaves a trail of destruction. In the Peruvian Amazon alone, small-scale gold mining has destroyed more than 170,000 acres of primary rainforest in the in the past fi ve years, according to a recent analysis by scientists at Wake Forest University's Center for Amazonian Scientifi c Innovation (CINCIA, http://cincia.wfu.edu/en/).
Bioleaching, which produces large quantities of acidic fl uids with toxic metal ions, could potentially add to the worries if it were poorly supervised. But could it also hold the key to a better, more sustainable mining industry of the future?
In a review on 'Biotechnology and the Mine of Tomorrow', Scott Dunbar from the University of British Columbia at Vancouver, Canada, has discussed that question from the perspective of the mining industry and its current problems (Trends Biotechnol. (2017) 35, 79-89) . Dunbar notes that, even though the industry has improved its effi ciency, economically viable ore deposits are becoming harder to fi nd. Thus, while investment in exploration is increasing, the number and quality of new discoveries is dwindling.
In his review, Dunbar argues that biotechnologies can overcome the limitations the industry faces and "have the potential to completely redefi ne the current metal extraction sequence." For instance, when the easily accessible rich ores are running out, microbial assistance can help with the exploitation of poorer grade ores. This approach is already used in gold mining in South Africa, for instance.
Microbes interacting with minerals can also act as bioindicators to help the increasingly diffi cult exploration of resources as yet undiscovered.
In situ bioleaching, if better understood and managed sustainably, can also help to reach ores in deeper parts of the crust not accessible to mechanical extraction methods. Many mineral resources that are already depleted near the surface are expected to be available in large amounts in deeper layers.
The liquid-assisted extraction of mineral resources, as in the example of fracking (Curr. Biol. (2013) 23, R901-R904), is always linked to environmental concerns due to the use and contamination of large amounts of water. However, Dunbar anticipates that microbes can also improve the environmental sustainability of mining, as they can purify wastewater streams produced by mining.
Sulphate-reducing bacteria can be used in anaerobic processes to reduce metal sulphates in water contaminated by mining activities, allowing metals and elemental sulphur to be retrieved. Companies like BQE Water in Vancouver, Canada, and Paques in the Netherlands are already applying such approaches. As an alternative, Dunbar highlights the potential of bioelectrochemical approaches, which could perhaps also be adapted to retrieving low-concentration metals from sewage.
Beyond the liquid systems, bacteria, archaea, and possibly also plants and fungi can also help to retrieve metals from contaminated soils. The possibility of using biotechnology approaches in Waste land: Unregulated mining in the Amazon contributes to deforestation and leaves a devastated landscape polluted with mercury and other toxic substances. (Image: Wake Forest University.)
